We determined polychlorinated dibenzodioxin (PCDD) and polychlorinated dibenzofuran (PCDF) levels in breast milk of 143 primiparae living around the three most dioxin-contaminated areas of Vietnam. The women sampled lived in the vicinity of former U.S. air bases at Bien Hoa (n = 51), Phu Cat (n = 23), and Da Nang (n = 69), which are known as dioxin hotspots. Breast milk samples from Bien Hoa City, where residents live very close to the air base, showed high levels of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), with 18% of the samples containing >5 pg TCDD/g lipid. However, Phu Cat residents lived far from the air base and their samples showed lower TCDD levels, with none containing >5 pg TCDD/g lipid. In Da Nang, TCDD levels in mothers from Thanh Khe (close to the air base, n = 43) were significantly higher than those in mothers from Son Tra (far from the air base, n = 26), but not other PCDD and PCDF (PCDD/F) congeners. Although TCDD levels in Bien Hoa were highest among these hotspots, levels of other PCDD/F congeners as well as the geometric mean concentration of total PCDD/F level in Bien Hoa (9.3 pg toxic equivalents [TEQ]/g lipid) was significantly lower than the level observed in Phu Cat (14.1 pg TEQ/g lipid), Thanh Khe (14.3 pg TEQ/g lipid), and Son Tra (13.9 pg TEQ/g lipid). Our findings indicated that residents living close to former U.S. air bases were exposed to elevated levels of TCDD, but not of other PCDD/F congeners.
Introduction
Polychlorinated dibenzodioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) are widespread and persistent toxic chemicals in the environment. They are released into the environment through combustion or as by-products of chemical manufacturing processes. Due to their lipophilicity, they accumulate in fat tissue and enter the human body through the food chains. They can transfer from mothers to infants via breast milk and have long half-lives in the human body (Milbrath et al., 2009 ).
During Operation Ranch Hand (1962 Hand ( -1971 , the U.S. army sprayed millions of liters of various herbicides in a region south of the former Demilitarized Zone at the 17th parallel in southern Vietnam. Agent Orange, a 50:50 mixture of n-butyl ester of 2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic (2,4,5-T), was the most widely used herbicide. The latter compound, 2,4,5-T, was contaminated to varying degrees with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which is the most toxic congener of the dioxin group. Other herbicides were also used in Vietnam, including Agent White (2,4-D; picloram), Agent Blue (cacodylic acid), Agent Purple (2,4-D; 2,4,5-T), Agent Green (2,4,5-T), and Agent Pink (2,4,5-T) (Stellman et al., 2003) . Baughman and Meselson (1973) detected high TCDD contamination in fish collected from heavily sprayed areas in Southern Vietnam, suggesting that this compound had accumulated significantly in the food chains in sprayed areas. Breast milk samples collected in 1970 also showed an extremely high TCDD level of 1832 parts per trillion (ppt) in a sprayed area (Schecter et al., 1995) . Although tropical rain, erosion, and chemical breakdown have reduced TCDD levels, this contaminant is still found at higher levels in sprayed areas than in unsprayed regions of northern Vietnam (Schecter et al. 1995; Tawara et al. 2011 ). Dwernychuk et al. (2002) found elevated levels of dioxins in soil, fish, duck, pooled human blood, and breast milk in regions close to former U.S. air bases. They theorized that high dioxin concentrations remained in the soil at former U.S. air bases, where the herbicide was stored, used, and accidentally spilled (Dwernychuk et al., 2005) . These areas are called dioxin hotspots, with the three most contaminated air bases located in Bien Hoa, Da Nang, and Phu Cat (Dwernychuk et al., 2006) . Large numbers of 208-liter drums of Agent Orange, Agent White, and Agent Blue were recorded in Bien Hoa (98000, 45000, 16000 drums), Da Nang (52700, 29000, 5000 drums), and Phu Cat (17000, 9000, 2900 drums) (Young, 2009 The present human breast milk biomonitoring study was conducted to assess human exposure to dioxins in residents living near these hotspots. In a previous study, we found higher dioxin levels in the breast milk of mothers living around the dioxin hotspots at Da Nang and Phu Cat, as compared with other sprayed and unsprayed areas (Tai et al., 2011) . In Da Nang, an inverse association between maternal dioxin exposure and the neurodevelopment of their offspring was identified, suggesting that dioxin exposure was associated with this health risk Tai et al. 2013) . Anh et al. (2014) also reported risk factors associated with 3 increased breast milk dioxin levels in mothers living in the Thanh Khe district of Da Nang. In addition, Hue et al. (2014) reported high TCDD levels in mothers living in the area surrounding the Da Nang air base.
However, no recent study has investigated breast milk dioxin levels in mothers living around the Bien Hoa air base, the largest hotspot in Vietnam. Therefore, the present study measured breast milk dioxins in primipara mothers in Bien Hoa, as compared with those of primiparae living in other dioxin-contaminated areas. Figure 1 shows the locations of the dioxin hotspots investigated in the present study. The Bien Hoa air base is located in Bien Hoa City, an industrial center in Dong Nai Province with many factories producing chemicals, The women were aged between 20 and 40 years. We collected each woman's breast milk between 4 and 16 weeks after childbirth. Furthermore, we interviewed them to collect demographic data, including age, residency, education level, employment, and income.
Materials and Methods

Study areas
Dioxin analyses
We collected 10-20 mL breast milk from each mother. Each woman washed their hands and then expressed milk into a clean paper cup. The milk was immediately transferred into chemically cleaned containers and frozen on dry ice. The samples were transported by air to Japan, and stored at −30 °C until analysis.
Breast milk samples were analyzed in accordance with previously reported methods (Tai et al., 2011; Tawara et al., 2011) . Briefly, lipids were extracted from 10 g breast milk by liquid extraction and spiked with 40-80 pg of senventeen typically ranged between 60% and 95%. The detection limits were determined at a signal-to-noise ratio of 3.
Samples with undetectable congener concentrations were assigned a value equal to half the detection limit.
Statistical analyses
We used the JMP@9 software package (SAS Institute, Japan) and R Statistical Environment (R Development Core Team, 2013) to conduct statistical analyses. Dioxin concentrations were log 10 transformed to improve normality before using statistical tests. Analysis of variance (ANOVA) was used to compare dioxin levels between hotspots, followed by Tukey's post-hoc test to identify significant differences between individual study sites. Pearson correlation was used to calculate correlations between dioxin concentration and age or residency. Finally, multiple linear regressions were used to compare dioxin levels between hotspots, after adjusting for age and residency. Table 1 shows the demographic characteristics of the study subjects. The average age of those living in Bien Hoa (26 years) was significantly higher than that of those living in Thanh Khe or Son Tra (23 years). Bien
Results
Characteristics of the study participants
Hoa had the shortest residency (13 years), probably because this industrial area attracts people from other regions. In contrast, Phu Cat is a rural area and most of the mothers sampled in this region had lived there since they were born. The duration of residency in Phu Cat was therefore significantly higher than that recorded in Bien Hoa and Thanh Khe. The Bien Hoa mothers reported the highest income and education levels. In Bien Hoa, 47% of the study subjects were workers. Housewives made up 56% of the women studied in Thanh Khe and 35% Son Tra. In Phu Cat, 17% of the women were farmers. Table 2 shows the levels of all seventeen PCDD/F congeners and the total TEQ of PCDDs, PCDFs, and PCDD/Fs. TCDD contributed a significantly higher percentage to the total PCDD/Fs TEQ in Bien Hoa than in Thanh Khe, Son Tra, or Phu Cat. In addition, the geometric mean of TCDD levels in Bien Hoa (2.1 pg/g lipid) and Thanh Khe (2 pg/g lipid) were significantly higher than those recorded in Son Tra (1.4 pg/g lipid),
PCDD/F levels in breast milk
although not significantly higher than those in Phu Cat (1.7 pg/g lipid). TCDD levels in these hotspots were 3-4 times higher than those in Kim Bang (range of 0-1.3 pg/g lipid), an unsprayed area in northern Vietnam (Tai et al. 2011) . Most of the other PCDD/F congeners, as well as the total PCDD/F TEQ, were significantly lower in breast milk from Bien Hoa (9.3 pg TEQ/g lipid) than in breast milk from Phu Cat (14.1 pg TEQ/g lipid), Thanh Khe (14.3 pg TEQ/g lipid), and Son Tra (13.9 pg TEQ/g lipid). With the exception of TCDD, Da Nang samples showed no significant differences in the levels of other PCDD/F congeners, as compared between Thanh Khe and Son Tra districts. Figure 2 shows the TCDD level in each region sampled. An elevated level of TCDD was seen in breast milk produced by Bien Hoa and Thanh Khe residents. We selected a cut-off value of 5 pg/g lipid, which is similar to the maximum level reported in industrialized countries such as Japan (mean [range] = 1.5 [0-3.79]) (Takekuma et al., 2014) , Belgium (2.3 [1.3-3.8]) (Focant et al., 2002) , and Germany (1.5 [0-5.3]) (Wittsiepe et al., 2002) . Nine samples (18%) in Bien Hoa and five samples (7%) in Thanh Khe had TCDD levels higher than this cut-off, while none of the samples from mothers in Phu Cat and only one sample (4%) from Son Tra had TCDD levels above the cut-off. These results suggested an increased prevalence of highly exposed mothers in areas close to air bases, particularly in Bien Hoa and Thanh Khe. Table 3 shows the Pearson correlation coefficients between breast milk dioxin levels and either age or residency. In Bien Hoa, only residency was associated with higher TCDD (r = 0.44, p < 0.01) and total PCDD/F TEQ levels. There was no significant correlation between dioxin levels and residency or age in Phu
Correlation between dioxin levels, age, and residency
Cat. In samples from Thanh Khe, which is close to the Da Nang air base, TCDD level was more closely correlated with residency (r = 0.5, p < 0.01) than with age (r = 0.33, p < 0.05). In contrast, samples from Son Tra, which is further from Da Nang air base, only showed correlations between age and TCDD (r = 0.52, p < 0.01) or total PCDD/F TEQ levels (r = 0.73, p < 0.001). Table 4 shows our comparison of dioxin levels between hotspots using multiple linear regressions after adjusting for residency and age. In this model, log 10 of the dioxin concentration was the dependent variable, while age, residency, and area were independent variables. Area was a categorical variable with four levels (Bien Hoa, Thanh Khe, Son Tra, Phu Cat). Bien Hoa was chosen as the reference category since the levels of most PCDD/Fs were lower in Bien Hoa than in the other areas sampled. We found that the adjusted geometric mean TCDD concentration in Bien Hoa (2.2 pg/g lipid) was not significantly different from that found in Thanh Khe (2.1 pg/g lipid), but was significantly higher than the mean concentrations determined in Phu Cat (1.4 pg/g lipid; p < 0.05) and Son Tra (1.4 pg/g lipid; p < 0.01). In contrast, levels of most other PCDD/F congeners, as well as total PCDD/F TEQ, were lower in Bien Hoa than in the other areas. Increased TCDD levels significantly correlated with residency.
Risk assessment for children
To assess the level of infant dioxin exposure, we estimated the daily dioxin intake (DDI) for infants based on the formula reported by Ulaszewska et al., 2011: DDI (pg TEQ/kg/day) = (C * V * F) / W where C was the dioxin concentration (pg TEQ/g fat), V was the daily breast milk volume consumed (estimated at 800 mL), F was the mean fat content (estimated at 0.03 g/mL), and W was the average weight of the infant for the first 6 months (estimated at 5.8 kg). Using these assumptions, the estimated DDI was nearly 60 pg TEQ/kg/day in Phu Cat, Thanh Khe, and Son Tra, 40 pg TEQ/kg/day in Bien Hoa, and 20 pg TEQ/kg/day in the unsprayed area (Kim Bang).
Discussion
To our knowledge, few studies have compared dioxin levels in breast milk of primiparae living around dioxin hotspots in Vietnam. In Bien Hoa, mothers living close to the air base showed a high prevalence of elevated breast milk TCDD levels. In Phu Cat, mothers lived far from the air base and showed a low prevalence of TCDD elevation. Similarly, TCDD levels observed in breast milk from Da Nang mothers were significantly higher in those living close to the air base (Thanh Khe residents) than in those living farther from the air base (Son Tra residents). However, there were no differences in the levels of any other PCDD/F congeners in mothers living in Thanh Khe and Son Tra. These results suggested that residents living close to former U.S. air bases were at risk for exposure to TCDD, but not for exposure to other PCDD/F congeners.
Residents living close to former U.S. air bases were exposed to elevated levels of TCDD. Especially, the prevalence of TCDD elevation (>5 pg/g lipid) was higher in Bien Hoa than those in Thanh Khe, Phu Cat or Son Tra. Three mothers in Bien Hoa had TCDD levels of >15 pg/g breast milk lipid; this was more than 30-fold higher than the average level observed in the unsprayed Kim Bang area (range of 0-1.3 pg/g lipid),
and no mother showed levels >15 pg/g lipid in the other hotspots examined. Furthermore, the TCDD contribution to the total PCDD/F TEQ in breast milk from these mothers was >60%, suggesting very high exposure to TCDD in Bien Hoa. In Phu Cat, however, the highest TCDD concentration in breast milk was a little over 3 pg/g lipid. This may be because the residents of Phu Cat lived far from the Phu Cat air base and were not therefore exposed to TCDD to the same extent as residents of Bien Hoa or Thanh Khe. Consistent with these findings, a previous study (Office 33 and Hatfield Consultants, 2011) also reported higher TCDD levels in environmental samples collected from the Bien Hoa and Da Nang air base than those from the Phu Cat air base. These results suggested that residents were more exposed to TCDD/Agent Orange in Bien Hoa than in the other areas.
Bien Hoa and Da Nang are large cities with a high population density in the vicinity of these air bases. The TCDD levels in breast milk from mothers living close to Bien Hoa and Da Nang air bases were not only elevated, but also highly associated with residency. Previous studies found that age was an important determinant of dioxin levels (Ulaszewska et al., 2011) . However, the age range of our subjects was narrow and we did not therefore expect to observe a strong correlation with dioxin concentration. The present study found that TCDD level was more correlated with residency than with age in Thanh Khe, which is located close to the Da Nang air base. Interestingly, we did not find any correlation between age and dioxin levels in Bien Hoa, but residency was highly correlated with TCDD level. The highest TCDD level (27 pg/g lipid) identified in this study was in the breast milk of a 24-year-old mother who originated from northern Vietnam and had only been living in Bien Hoa for 16 years. These results suggested that residency influenced TCDD levels more strongly than age in residents living close to air bases.
The congener profile was similar at the hotspots examined in this study. The most abundant congeners were OCDD (40-54%), 1234678-HpCDD (7-9%), 123478-HxCDF (6-12%), and 1234678-HpCDF (4-10%). The highest TEQ contribution was from 12378-PeCDD, which accounted for 30-37% of the total PCDD/F TEQ.
TCDD contributed to 23% of the total PCDD/F TEQ in Bien Hoa, while it accounted for 10-14% of the 7 PCDD/F TEQ in other hotspots. The present study did not analyze polychlorinated biphenyls (PCBs).
However, industrial areas may be more exposed to PCB emission and calculation of TEQ including PCBs may produce different results.
It is interesting that the levels of most PCDD/Fs as well as total PCDD/F TEQ in breast milk were significantly lower in Bien Hoa than in Da Nang (urban area) and Phu Cat (a rural area), even though Bien Hoa City is one of the most industrialized regions of Vietnam. Consistent with this finding, Schecter et al. (1991) analyzed dioxins in pooled breast milk samples and found that most of PCDD/Fs other than TCDD were higher in Da Nang than in Dong Nai (where Bien Hoa city located). Waste incineration represents a major source of dioxins (Olie et al., 1977) . These findings may therefore reflect a better control of waste incineration in Bien Hoa City. Moreover, people in rural areas such as Phu Cat may be more likely to burn household garbage in their backyard, a practice that can result in exposure to PCDD/Fs (Lemieux et al., 2000) .
In addition, agricultural chemicals used in rural areas could be sources of dioxins. Furthermore, because residency was significantly correlated with total PCDD/F TEQ in breast milk in the hotspots, the short residency in Bien Hoa partially resulted in their low PCDD/F TEQ.
Human exposure to dioxins occurs mainly through food consumption. Schecter et al. (2001) sampled human blood from Bien Hoa residents and found high TCDD levels of 271 ppt lipid. Furthermore, food collected from local markets in Bien Hoa City showed high TCDD levels in fat samples from duck (536-550 ppt lipid), chicken (0.95-74 ppt lipid), and fish (3.2-15349 ppt lipid). These authors suggested that Bien Hoa air base was the origin of this TCDD (Schecter et al., 2003) . Our current study, carried out at Bien Hoa air base nearly one decade later, showed lower TCDD levels in human breast milk as compared with those in blood samples reported by Schecter et al. (2001) . The average TCDD contribution to the total PCDD/F TEQ was 23%, and ranged from 6 to 79% in the present study, while TCDD could contribute to over 90% of total PCDD/F TEQ in samples reported by Schecter et al. (2001) . However, these TCDD levels in breast milk were more elevated as compared with the other hotspots in this study, which suggested that the residents in Bien Hoa were still exposed to TCDD from the air base. Recently, Thu et al. (2014) also reported that local people were raising chickens inside the Bien Hoa air base and free-range eggs from these animals showed high TCDD levels (238 ppt lipid). In Da Nang, Minh et al. (2009) found high TCDD levels in fish and sediment samples collected from Sen lake, located inside the Da Nang air base. Hue et al. (2014) analyzed a small number of breast milk samples (n = 14) in Thanh Khe and found high TCDD levels, with a mean of 9.5 ppt lipid. Our study found lower TCDD levels than those reported by Hue et al. (2014) , perhaps because we recruited 3-times more subjects living in a larger area of Thanh Khe. The study by Hue et al. also found that 50% of the breast milk donors reported consuming some food originating near the air base. These findings suggested that residents living close to these air bases may be exposed to TCDD through the consumption of foods originating from the bases. We did not include a food survey and this represents a limitation of the present study. Recently, Anh et al. (2014) also reported that food consumption only partially contributed to increased dioxin levels in breast milk from mothers in Thanh Khe, suggesting that long residency was the most important risk factor. However, more research will be required to clarify the TCDD exposure route for individuals living close to former U.S.
air bases in Vietnam. 8
In Vietnam, breast milk is the main source of nutrition for infants. High dioxin levels in breast milk indicated that these compounds could affect the development of infants exposed to them in utero and during breastfeeding. In this study, we found that infant DDI was 3-fold higher in Thanh Khe, Son Tra, and Phu Cat, and 2-fold higher in Bien Hoa than in the unsprayed area. Our recent studies have found an association between dioxin levels in breast milk, steroid hormone levels (Kido et al., 2014 , Manh et al. 2013 , and sister chromatid exchange (Suzuki et al., 2014) in Vietnamese mothers. Tai et al. (2013) found significantly reduced neurodevelopmental scores in 4-month-old babies with high exposure to TCDD (≥ 1.8 pg/g lipid) or PCDD/F TEQ (≥ 17.6 pg TEQ/g lipid). In addition, Nishijo et al. (2014) reported that perinatal TCDD exposure at ≥ 3.5 pg/g lipid increased autistic traits in 3-year-old children; this is a similar TCDD level to that reported recently in breast milk from Seveso, Italy (Weiss et al. 2003) . Therefore, these studies are necessary to clarify the effects of dioxins on child development.
Some public health intervention programs have been conducted in Bien Hoa and Da Nang hotspots to reduce dioxin exposure. These programs have improved the knowledge, attitudes, and practices of residents in order to reduce dietary dioxin exposure (Tran et al. 2013 ). In addition, the remediation activities supported by the Vietnamese and U.S. governments have started to decontaminate these air bases from dioxin residues (Young et al. 2007) . The fact that the present study found that TCDD levels were lower than those reported in an earlier study (Schecter et al., 2001 ) may provide evidence of the beneficial effects of these programs.
Conclusions
This study compared PCDD/F levels in breast milk of primiparae living around the three most dioxin-contaminated hotspots in Vietnam. We found that mothers living close to these dioxin hotspots were exposed to TCDD, but not to other PCDD/F congeners. In particular, residents living close to Bien Hoa and Da Nang air bases showed elevated TCDD levels. In contrast, residents in Phu Cat lived far from the air base and they were not exposed to elevated levels of TCDD. However, other PCDD/F congeners in breast milk samples from Phu Cat were significantly higher than those from Bien Hoa, even though Phu Cat is a rural area.
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